Adsorption of oxygen molecule on single layer graphene with the STW defect is investigated using the density functional calculations. The physisorption and induced change in the low energy band structure are discussed in detail. A physisorbed O 2 molecule on defect-free graphene acts as a hole-dopant as a result of that minority-spin O 2 -π * state is fractionally occupied due to hybridization with graphene π-band. In the STW defective graphene, C-C dimer at the center of the defect provides a more favorable physisorption site with more gain in adsorption energy and accordingly a stronger hopping between a minority-spin O 2 -π * state and π-band of graphene. We predict that the STW defect would make the O 2 physisorption more tightly bound and be promoting the hole-doping in graphene.
INTRODUCTION
Graphene is an excellent candidate for the base material of the single-molecule detector for its two-dimensional structure, highly conductive and low-noise electronic properties and sensitivity of electronic properties to molecular adsorption. [1] The sensitive effect of oxygen molecule (O 2 ) exposure on graphene was measured by Yang and Murali, concluding that O 2 gas hole-dopes graphene from the basal plane. [2] The mechanism of the hole-doping in O 2 physisorption in the band structure of organic semiconductors was discussed by Lu and Meng, who pointed out that it occurs as a result of hybridization of unoccupied π * -states of spin-triplet O 2 with adsorbent valence band near the Fermi level. [3] Since the hybridization between O 2 and graphene depends on the local atomic geometry at adsorption site, the presence of a defect in the basal plane, such as the 5-7-7-5 Stone-Thrower-Wales (STW) defect [4, 5] , can bring some sensitive modifications in the description of hole-doping by O 2 . There are several density functional calculations of O 2 physisorption to graphene [6, 7] without defects.
In this work, we investigate the adsorption of O 2 molecule on single layer graphene with the STW defect using first principles calculations. The energetics of adsorption, induced change in the low energy band structure and the effects caused by the presence of STW defect are discussed.
COMPUTATIONAL METHODOLOGY
First-principles calculations were carried out using the VASP 5.2 code with the PAW scheme and the spin-polarized generalized gradient approximation (GGA-PW91) functional for the exchange-correlation energy. It is known that the local density approximation (LDA) fails to describe the long-range dispersion or the van der Waals (vdW) interactions, [8] but nearly reproduces experimental layer-stacking for graphitic systems due to some cancellation of errors. [9] However, the LDA tends to overestimate the binding energies and underestimate the bond distance of physisorption. [7] The GGA functional, which is rather suitable for non-uniform electron densities, shows negligibly weak or even no vdW-like attractive force. An effective remedy for this weakness in the GGA is to use pairwise dispersion corrections. [7, 10] In order to examine not only the energetics, but the low energy band structures of O 2 -physisorbed graphene, we employed the GGA with the Grimme's DFT-D2 vdW energy functional, in which the dispersion potential was well-defined in atom-pairwise form. [10] The graphene sheet was treated in a hexagonal supercell of 5×5 primitive cells with 50 carbon atoms. A sufficiently large interlayer separation of 15 Å was used in order to mimic isolated O 2 -graphene system. A fairly good convergence was obtained at the planewave cut-off energy of 400 eV with 9×9×1 Monkhorst-Pack k-points mesh. The density of states (DOS) was calculated by the tetrahedron method with Blöchl corrections using the k-points mesh of 9×9×1. Structural relaxations were performed until the force on each atom becomes less than 0.02 eV/Å.
RESULTS AND DISCUSSION 3.1 Adsorption of O 2 on pristine graphene
We first examined the adsorption of O 2 on the defect free graphene. Fig. 1 shows the relaxed atomic configurations of physisorption of O 2 . The adsorption energy, E ads , is defined by the total energy of the system in an adsorbed state O 2 /G (G stands for graphene) measured from that in the uncoupled state, namely,
(1)
In physisorption, O 2 was stabilized with the O-O bond length of 1.25 Å and E ads = −0.15 eV at 3.10 Å above the flat graphene sheet. The oxygen atoms were located nearly at the on-top sites, perfectly parallel to the C-C bond. The interaction between O 2 and graphene was so weak that no significant structural change was found in the graphene and O 2 molecule. The mismatch between C-C and O-O bond lengths was 0.19 Å. This geometry was obtained by starting from a perfect on-top geometry with the O-C distance of 3.0 Å. We could not find physisorption near the other probable sites, such as the bridge, hexagonal top for parallel or perpendicular orientations.
When the O 2 molecule was brought as close as 2 Å to the basal plane, the structure relaxed towards a local minimum state of chemisorption at O-C bond length of 1.51 Å with E ads = 1.78 eV. This positive value of E ads signifies that the state is unstable with respect to the pristine graphene and spin-triplet O 2 . In this case, bond lengths of O-O and C-C at the adsorbed site were stretched to 1.51 and 1.54 Å, respectively. Adsorbent carbon atoms just below O 2 were slightly displaced towards oxygen atoms. The other possibility of chemisorption may be dissociative one. We examined chemisorption of atomic oxygen or oxidation of graphene. Oxidation at two independent bridge sites gains E ads = −5.07 eV. However, adding the calculated dissociation energy of O 2 molecule in free space, that is 6.66 eV, the total gain can be estimated to be +1.59 eV. Carlsson et al. have calculated the oxidation process of defect-free region of graphene and found that the dissociation of O 2 is strongly endothermic. [11] These results indicate that the physisorption is most likely to take place and the possibility of chemisorption mentioned here may be neglected at room temperature.
Band structure of O 2 -physisorbed graphene
The ground state of the isolated O 2 molecule was calculated to be spin-triplet with the magnetic moment of 2µ B due to doubly degenerated highest occupied molecular orbitals (HOMOs) of the majority spin (up-spin in the present study). Doubly degenerated lowest unoccupied molecular orbital (LUMO) level of the minority spin exists 2.1 eV above the HOMO level.
In the situation of physisorption on graphene, these HOMO and LUMO levels of O 2 have a considerable influence. In the majority-spin band, the fully occupied HOMO states are calculated to appear 1.9 eV below the Fermi level, showing a weak coupling with carbon band with nearly dispersion-less curves. In the minority-spin (down-spin in the present study) band, LUMO states appear close to the Fermi level and modify the low energy band structure. Fig.2 illustrates the spin-dependent band structures near the Fermi level (chosen to be zero). Note that, due to the presence of the O 2 molecule, the point group symmetries related to the rotations by 2π/3 and some mirror planes are lost, thus the energy eigenvalues at M 0 point depicted in the inset of the left panel no longer degenerate with those at M 1 and M 2 points. We see that the low energy band structure of majority spin has not been affected by O 2 except the shift of Fermi level 0.11 eV downward from the Dirac point (the contact point of mutually inverted conical bands, or Dirac cone, of the perfect graphene) at the K point. This results in the hole-doping in the Dirac cone for the majority spin.
In contrast, the left panel of Fig.2 notably shows that the crossing between the localized O 2 LUMO levels and linear π-band of graphene for minority spin are lifted by a weak coupling. This coupling may be interpreted as the possibility of electrons to hop between the π (p z ) orbital of graphene and π * z (anti-bonding O-p z orbitals) state of O 2 . The coupling with π * x (anti-bonding O-p x orbitals) state of O 2 is quite small, since the O-p x orbital is orthogonal to the C-p z orbital just beneath. The energy dispersion curves plotted in the left panel are consistent with previous calculations. [7] The effect of this weak coupling can also be seen in the right panel showing a different cross-section of the band energy surfaces. We see a pseudo-gap between divided segments of Dirac cone is introduced in the minority-spin by the coupling with π * z orbitals of O 2 . As a result of the hybridization between the π(π * ) band of graphene over a relatively wide range around the Fermi level, the occupied states near the Fermi level has large component of p z orbitals of O 2 . Then, a fraction of electronic charge in graphene transfers to minority spin π * z state of O 2 . This causes reduction of total magnetic moment by −0.07µ B . This mechanism of hole-doping is consistent with the model of Lu and Meng. [3] 
Defects in graphene
Formation energies of three types of most typical defects in graphene, [12] STW, inverse STW (ISTW) and di-vacancy (DV) were calculated to be 5.50, 6.67 and 7.96 eV, respectively. Optimized structures are depicted in Fig.3 . We confirmed that STW defect has the lowest formation energy that includes only a topological transformation of four 6-member rings into two 5-and 7-member rings without changing the number of C-C bonds. Ma et al. reported that the planar structure of STW defective graphene has an instability to sine-like modulation. [13] However, the present study employs the planar STW model for simplicity. Another topological defect, ISTW, was relaxed to a non-planar structure with the appended C-C dimer located at 1.54 Å from the basal plane as depicted in Fig.3(b) .
Adsorption of O 2 at STW defect in graphene
Next, we examined the adsorption of O 2 on the STW defect in graphene. The optimized geometry of O 2 physisorption on the STW defect in graphene is shown in Fig.4 . We note that the physisorption of the oxygen molecule can occur on top of any C-C dimer. But it was most stabilized with E ads = −0.17 eV at 3.01 Å above the STW defect where the oxygen atoms were located with O-O bond length of 1.25 Å at the on-top of the pair of carbon atoms that are shared by two 7-membered rings. The length of this C-C bond was 1.31 Å, which was the shortest C-C bond in this system and was unchanged on the O 2 physisorption. Compared with the previous case of the defect-free graphene, the binding between O 2 and STW defect is stronger by 13% with 3% shorter O-C distance. We find the mismatch between C-C and O-O bond lengths in this case is only 0.06 Å, which is much smaller than in the defect-free case. Therefore, in this case we may expect in the minority-spin band a slightly stronger coupling between the π-band of graphene and π * z state of O 2 . When the O 2 molecule was brought as close as 2 Å to the basal plane at several on-top sites, a local minimum state of chemisorption of O 2 molecule was found with E ads = 1.27 eV with O-C bond lengths of 1.49 and 1.50 Å. However, this only took place off the STW defect, namely the on-top of a pair of carbon atoms in 6-membered ring adjacent to the defect. The bond lengths of O-O and C-C at the adsorbed site were stretched to 1.51 and 1.56 Å, respectively. Adsorbent carbon atoms below O 2 were displaced towards oxygen atoms. We also examined chemisorption of atomic oxygen at the STW defect. Oxidation at two independent bridge sites shared by two 7-membered rings gains E ads = −7.43 eV. Taking into account the required cost of the dissociation of O 2 molecule (6.66 eV), total gain can be estimated to be −0.77 eV. If we rely on the high dissociation energy [11] of O 2 mentioned in Sec.3.1, the possibility of chemisorption may be neglected at room temperature. However, the First-principles study of O 2 dissociation process at the STW defect is yet to be done.
Band structure of graphene with O 2 -physisorption on the STW defect
As we can see from the geometry of the STW defect with O 2 molecule shown in Fig.4 , the point group symmetry related to the rotations by 2π/3 and some mirror planes are lost. Thus, the energy eigenvalues at M 2 point depicted in the inset of the left panel does not degenerate with those at M 0 and M 1 points. Fig.5 illustrates the spin-dependent band structures near the Fermi level (chosen to be zero). We have seen in the case of defect-free graphene that the low energy band structure of majority spin is not to be affected by the deep levels of HOMOs of O 2 , except the shift of Fermi level. Therefore, the difference in the majority (up) spin bands of Fig.2 and Fig.5 is considered to be caused essentially by the defect. Note that the presence of the STW defect only shifts the position of axis of the Dirac cone or Dirac point in the Brillouin zone off the K point (towards Γ 2 in the present case, as is clearly shown in the left panel) and no band gap opens in the majority-spin band as in the defect-free case. The shifted Dirac point is at 0.16 eV from the Fermi level, which immediately signifies more hole-doping in the majority spin band compared to the case of Fig.2. A marked difference from the defect-free case is found in the minority-spin band in Fig.5 . The left and right panels of Fig.5 show the sign of crossing and that the hybridization between O 2 -LUMO states and conical π-band of graphene for minority spin are lifted. The modification of the band structure caused by the hybridization is more pronounced than in Fig.2 . This can be explained by an enhancement of coupling caused by more tightly bound physisorption of O 2 on STW defect described in section 3.4. This enhanced coupling makes hybridization of π (p z ) orbital of graphene and π * z state of O 2 to occur in a broader energy range around the π * z level of O 2 . From the character of the wave function projected to atom and angular quantum numbers, lm, the upper and lower and flat bands are identified to be the π * // (anti-bonding O 2 -π * orbitals quantized in axis perpendicular to z and O-O bond direction) and π * z states of O 2 , respectively.
It should be remarked that the states just below the Fermi level have large component of π * z states of O 2 , which has been confirmed from the calculated lm-decomposed partial density of states. Therefore, the transfer of minority-spin electrons from STW defective graphene to O 2 is expected to be larger than that in the defect-free case. Reflecting this, the splitting of two O 2 -LUMO bands is larger than that in the defect-free case. This fact can be explained by the lowering in π * z level of O 2 due to the exchange potential enhanced by the minority-spin density in O 2 . The minority-spin charge transfer in this case is also reflected in the reduction of total magnetic moment by −0.11µ B from the value (2µ B ) of the isolated O 2 . We find the magnitude of this reduction is more enhanced than that in the defect-free case. A very accurate determination of the charge transfer and the hole concentration using a much denser k-points mesh is being performed and will be published elsewhere. These calculated results indicate that the presence of the STW defect would make the O 2 physisorption more tightly bound and be promoting the hole-doping in graphene.
CONCLUSIONS
We have investigated the adsorption of oxygen molecule on defect-free and STW defective single-layer graphene using the density functional calculations.
A physisorbed O 2 molecule on defect-free graphene acts as a hole-dopant as a result of that minority-spin O 2 -π * state is fractionally occupied by hybridization with graphene π-band. In the STW defective graphene, C-C dimer at the center of the defect provides a more favorable physisorption site with more gain in adsorption energy and accordingly a stronger hoppingbetween a minority-spin O 2 -π * state and π-band of graphene.
We may predict that the STW defect would make the O 2 physisorption more tightly bound and be promoting the hole-doping in graphene.
